1. Introduction {#sec0001}
===============

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder affecting ∼1-2% of the population ([@bib0064]). Although outcomes are mixed among affected individuals, the majority of adults with autism struggle with functional impairment and require support ([@bib0001]; [@bib0081]). Evidence-based interventions that improve long term outcome in ASD are limited, particularly for youth and young adults ([@bib0090]). The majority of interventions with evidence of efficacy in older children and youth target specific symptom domains that contribute to impairment within subgroups of individuals with ASD (e.g., atypical antipsychotics for irritability, cognitive behavioural therapy for treatment of anxiety in ASD([@bib0003]). Executive functioning (EF) deficits are often (but not universally) present in individuals with ASD ([@bib0019]; [@bib0053]), are associated with mental health symptoms ([@bib0057]), adaptive functioning ([@bib0005]; [@bib0028]), and functional independence in adulthood ([@bib0080]). Thus far, a cognitive behavioural intervention that targets EF has shown promise for improving EF domains (e.g., planning/organization, flexibility) in children with ASD with positive impact on everyday functioning ([@bib0052]). EF enhancement may therefore be a promising interventional target for further development and refinement in ASD, particularly in the subgroup of individuals with significant impairment in this domain.

EF is an umbrella term that includes multiple subdomains, including working memory, set-shifting, planning and response inhibition skills ([@bib0020]). The fronto-parietal network is comprised of the dorsolateral prefrontal cortex (DLPFC) and parietal cortex (near/along intraparietal sulcus). This network has been implicated in EF deficits across different mental health disorders, including schizophrenia and depression ([@bib0067]). The fronto-parietal network is hypothesized to serve as a functional hub that flexibly integrates engagement of distributed brain networks to coordinate the brain-wide communication needed for higher-order cognitive ability, including EF ([@bib0011]).

Repetitive transcranial magnetic stimulation (rTMS) is an approved treatment for depression ([@bib0006]) that can stimulate focal cortical regions by a train of magnetic field pulses at typical frequencies between 1-20Hz ([@bib0026]). Efficacy studies in depression have also found improvement on secondary cognitive measures with rTMS to DLPFC ([@bib0037]). It has therefore been proposed that brain stimulation targeting the DLPFC could have broad clinical relevance as an intervention to enhance EF ability, potentially through augmentation of frontoparietal network function. rTMS to the DLPFC may then have potential as an intervention option to enhance EF functions in ASD.

In considering developing a directed biological intervention for EF deficits in individuals with autism, visuospatial working memory (SWM) may be a promising cognitive outcome to target as SWM impairment is often present in children and adults with ASD (Y. [@bib0088]). Deficits in SWM performance in children and youth with ASD have been linked to adaptive functioning; therefore improvement in this domain could have meaningful downstream effects on functioning ([@bib0077]). Further, published functional MRI (fMRI) studies have helped to characterize fronto-parietal network response to SWM performance in participants with ASD versus typically developing participants using pairwise comparisons. Studies indicate that the overall pattern of local brain response to SWM performance is similar in autism as in controls (i.e., frontoparietal activation and deactivation in default mode network regions) ([@bib0053]; [@bib0055]; [@bib0063]; [@bib0065]; [@bib0086]). However, some studies have shown subtle regional differences in local activation in ASD versus control groups, often including the DLPFC, and particularly with increased working memory load, though exact locations and patterns differ between studies ([@bib0053]; [@bib0055]; [@bib0063]; [@bib0065]; [@bib0086]). Failure to modulate distributed network connectivity during EF performance has also been shown at the group level in participants with autism compared to controls, though not consistently ([@bib0055]; [@bib0065]). Of note, large-scale alterations in resting-state connectivity has recently been demonstrated reproducibly across four different ASD samples compared to controls, including hyperconnectivity of fronto-parietal executive control networks ([@bib0046]), though findings across the broader resting-state connectivity literature in autism remains inconsistent ([@bib0084]). Impaired connectivity involving the frontoparietal network in ASD may then disrupt rapid and flexible top down control of downstream networks ([@bib0018]), influencing EF ability ([@bib0067]). Modulation of frontoparietal network properties through DLPFC stimulation may then have interventional relevance for improving EF in autism.

A key issue for development of brain stimulation protocols that target specific cortical regions is that the topography of organized neural networks varies substantially between individuals. This variability is prominent within the frontoparietal control network (Laumann Neuron 2015). In line with the considerable phenotypic and genetic heterogeneity that is inherent to the current clinical classification of autism ([@bib0061]), fMRI studies indicate that individualized alterations in the functional organization of neural networks are increased in ASD compared to control groups ([@bib0022]; [@bib0038]; [@bib0072]). Conventional targeting to a specific topographical location, such as the DLPFC, may not be suitable in autism as this network may be shifted or altered. Thus, an intervention aimed at modulating the frontoparietal network to enhance EF in autism may need to account for network variability.

The purpose of the present study was to further examine neural activity, functional connectivity, and individual variability during SWM performance in a subgroup of individuals diagnosed with ASD with clinically significant EF impairment, compared to a typically developing control group. Part of our longer-term objectives are to understand how to better use MRI-based targeting to enhance (and individualize) target engagement using rTMS in individuals with ASD. Therefore, we examined: (1) whether prior differences found in task-related fronto-parietal activity and DLPFC-connectivity were present in participants with ASD and EF impairment, relative to typically developing controls, and (2) whether participants with ASD and EF impairment would feature greater individual variability in brain response during SWM performance, relative to controls. We hypothesized that in individuals with ASD and clinically significant EF impairment, altered DLPFC activity and connectivity, and greater variability in brain response during task performance would be found compared to typically developing controls. Improving our understanding of the nature of DLPFC alterations during EF performance, and how it can vary across individuals, is essential to optimizing treatment approaches targeting this functional domain.

2. Methods {#sec0002}
==========

2.1. Participants {#sec0003}
-----------------

The MRI data analyzed here are from n=40 baseline scans of older youth and young adults diagnosed with ASD without intellectual or language impairment. MRI in participants with ASD was acquired during baseline assessment as part of a randomized, double-blind, sham-controlled rTMS pilot trial stimulating bilateral DLPFC for EF enhancement in ASD (clinicaltrials.gov ID: [NCT02311751](NCT02311751){#interref0001}, ([@bib0002], [@bib0004a]). Participants with ASD were recruited from outpatient services at the Centre for Addiction and Mental Health (CAMH) in Toronto, Canada, community clinics, agencies providing services for individuals with ASD, and through advertisements at local colleges and universities. All ASD participants self-identified as having difficulties with EF performance (described as thinking problems in study advertisements). Potential participants with ASD were screened for eligibility based on age (16-35 years), presence of an ASD diagnosis, confirmed using the Autism Diagnostic Observation Schedule-2, Module 4 ([@bib0062]), IQ\>or=70, and the presence of clinically significant EF deficits based on a T score \>65 on any subscale of the Behavior Rating Inventory of Executive Functioning (BRIEF), using age-appropriate self-report versions. Twenty typically developing control participants were also recruited through local advertisements. Typically developing participants were included if they were between 16-35 years of age and fluent in English. Control participants were excluded if they had a diagnosed learning disorder or impaired academic or adaptive functioning on history, were pregnant, had full scale IQ\<70, or psychiatric diagnosis on diagnostic interview via the Mini International Neuropsychiatric Interview; MINI ([@bib0058]). All potential participants were excluded if they had a history of substance abuse or dependence in the last 6 months or a positive urine toxicology screen, or had a major medical or neurological illness. All participants were voluntary and competent to consent based on ability to provide a spontaneous narrative description of the key elements of the study. Written consent was provided by all participants. The study was approved by the local ethics review board and conducted in accordance with the declaration of Helsinki.

2.2. Clinical and Behavioral Assessments {#sec0004}
----------------------------------------

All ASD participants who consented to the protocol were assessed using the ADOS-2, Module 4 ([@bib0062]), a semi-structured interview administered by an experienced child psychiatrist (SA) trained on the measure, to confirm diagnosis. Review of prior clinical assessments was also conducted to corroborate prior clinical diagnosis of ASD. Psychiatric disorders were assessed in typically developing controls and participants with ASD using the MINI (\>18 years) or MINI for Children and Adolescents (MINI-KID) (16--18 years). The Wechsler Abbreviated Scale of Intelligence (WASI-II) or Wechsler Adult Intelligence Scale (WAIS-IV) were used to assess cognitive level in typically developing and ASD participants, respectively ([@bib0004]). In participants with ASD, the Vineland Adaptive Behavior Scale-II (VABS-II) ([@bib0079]) and Social Responsiveness Scale (SRS-2) ([@bib0004b]) were used to assess adaptive functioning and dimensional autism symptoms, respectively. The self-report BRIEF (for participants aged 16--18) or BRIEF-A (adult version, for participants 18 and older), was used to assess impairment on everyday tasks requiring EF skills on 8 subscales. Two indices are derived from BRIEF subscales, the metacognitive index (including initiate, working memory, plan/organize, organization of materials and monitor subscales) and the behavior regulation index (comprised of inhibit, shift, and emotional control subscales), as well as a Global Executive Composite score. The behavior regulation index measures the ability to modulate both behavior and emotional control and move flexibly between different activities. The metacognitive index measures the ability to engage in active problem solving and initiate, organize and monitor one\'s actions ([@bib0029]). The BRIEF can be considered a clinical measure of EF impairment with T scores\>65 indicative of the presence of clinically significant EF deficits ([@bib0068]). Clinically significant EF impairment on either index of the BRIEF (i.e., behavioral regulation or metacognitive index) has been associated with behavioral dysregulation and functional impairment, while impairment on the metacognitive index may be more closely linked with academic performance ([@bib0068]). EF was also assessed using the computerized Cambridge Neuropsychological Test Automated Battery (CANTAB, [www.cambridgecognition.com](http://www.cambridgecognition.com){#interref0002}), including the Intradimensional/Extradimensional (IED) Set Shift task (cognitive flexibility), the Spatial Working Memory task and the Stop Signal Task (SST) (response inhibition).

2.3. fMRI Spatial Working Memory N-back Task {#sec0005}
--------------------------------------------

During MRI scanning participants performed an SWM N-Back task ([@bib0009], [@bib0008]), consisting of a 0-Back condition (a matched sensory-motor control condition with no working memory requirements) as well as a 2-Back condition (a moderately high working memory condition). The experiment was divided into alternating blocks of 20 0-Back trials, 20 2-Back trials, and 30 seconds of rest, repeated six times (i.e. six blocks per condition). Each 0-Back or 2-Back block was preceded by an instruction screen, while the words 'rest' were displayed on the screen during the rest session. Participants were instructed to keep their eyes open during the rest block. On each trial, participants were presented with a diamond shape including a dot/circle in one of the four corners of the diamond ([Figure 1](#fig0001){ref-type="fig"}). Trials were presented for 1500ms with a 950ms inter-stimulus interval. Each position of the dot was associated with a specific button (index or middle finger of each hand). During the 0-Back condition, participants indicated the button corresponding to the current position of the dot. During the 2-Back condition, participants indicated the position of the dot two trials prior. In this way, each trial represented a target trial (i.e. there were no non-target trials). Participants were instructed to refrain from responding to the first two trials on the 2-Back condition, and that if they lost their memory set (i.e., the location of the dot from two trials prior) they should 'start over' mid-block. The task was practiced immediately prior to the MRI session to familiarize participants. Practice was repeated if participants scored less than 10 on the 2-back practice block.Figure 1Task design for the fMRI N-Back SWM task. **A:** Dots are presented at one of four locations, within a diamond shape; each location was associated with a response button (1, left middle finger, 2, left index finger, 3, right index finger, 4, right middle finger). **B:** Task design, with images shown for 1500ms with an ISI of 950ms. For the 0-Back trials, participants indicate the position of the dot on the current image. For 2-Back, participants indicate the position on the image from two trials prior (thus, there is no response for trials 1 and 2). **C:** Schematic of the block design of condition presentations, with alternating 0-Back, 2-Back, 30 seconds rest, for six repetitions. Each 0-Back or 2-Back block included 20 trials. An instruction screen was presented before each block.Figure 1

2.4. MRI Scan {#sec0006}
-------------

Scanning was undertaken using a 3 Tesla GE MR750 (General Electric, Milwaukee, WI) research-dedicated scanner at CAMH. The multi-modal MRI session (90 minutes total scan time) included a T1 anatomical MRI (Sagittal BRAVO, TR=6.736ms, TE=3ms, flip angle=8, voxel size 0.9mm isotropic, duration 4.5 minutes), followed by a 7-minute eyes closed resting state fMRI (data not shown) and then the 14 minute N-back fMRI task (N-back: Echo planar imaging, TR=2000ms, TE=30ms, flip angle=90, voxel size 3.125 × 3.125 × 4mm).

2.5. fMRI Preprocessing {#sec0007}
-----------------------

MRI preprocessing was performed using FMRIPREP ([@bib0024]), a Nipype ([@bib0031]) based tool. Each T1w (T1-weighted) volume was corrected for INU (intensity non-uniformity) using N4BiasFieldCorrection v2.1.0 ([@bib0083]) and skull-stripped using antsBrainExtraction.sh v2.1.0 (using the OASIS template). Brain surfaces were reconstructed using recon-all from FreeSurfer v6.0.1 ([@bib0016]), and the brain mask was refined with a custom variation of the method to reconcile ANTs-derived and FreeSurfer-derived segmentations of the cortical gray-matter of Mindboggle ([@bib0054]). Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was performed on the brain-extracted T1w using fast ([@bib0092]). Functional data was slice time corrected using 3dTshift from AFNI v16.2.07 ([@bib0012]) and motion corrected using mcflirt (FSL v5.0.9 ([@bib0050]). \"Fieldmap-less\" distortion correction was performed by co-registering the functional image to the same-subject T1w image with intensity inverted ([@bib0048]; S. [@bib0089]) constrained with an average fieldmap template ([@bib0082]), implemented with antsRegistration (ANTs). Functional data was then coregistered to the corresponding T1w using Freesurfer with boundary-based registration ([@bib0034]) with 9 degrees of freedom. Functional data were transformed onto the cortical surface and converted to CIFTI format using the Ciftify toolbox ([@bib0022]; <https://github.com/edickie/ciftify>), which includes a non-linear transform to the MNI152 template calculated via FSL\'s FNIRT function using the T1w image and then applied to the functional data. Smoothing was then performed on the cortical surface with a FWHM of 8mm using tools in the Ciftify package.

2.6. N-Back Task-Activation Analysis {#sec0008}
------------------------------------

Preprocessed N-BACK data were analyzed using a general linear model (GLM) approach as implemented in SPM12 (<http://www.fil.ion.ucl.ac.uk/spm/>). A first level design matrix was created using a mixed block and event-related design. 0-Back and 2-Back blocks were coded as blocks of 49 seconds. We also coded incorrect trials and misses as events in order to compensate for impacts of behavioral performance on the 0-Back and 2-Back block regressors. Specifically, incorrect trials and misses were coded as events as we anticipated reductions in BOLD activity when participants missed trials. Therefore, these regressors were included to account for such effects and to allow a more accurate fit of task block regressors when performance was poor. Task regressors were convolved with the canonical hemodynamic response function and the derivative and dispersion functions. Additional confound regressors were added to the model to account for sources of noise variance in the model, including white matter mean signal, cerebrospinal fluid mean signal, mean framewise displacement ([@bib0074], [@bib0073]), DVARS ([@bib0073]), the six motion parameters from mcflirt (three rotations and three translations), and global mean signal. Given the controversies over the use of global mean signal as a regressor ([@bib0032]; [@bib0059]), the GLM analyses were repeated without GSR as a regressor. A contrast of 2-Back - 0-Back was run at the single subject level, using the beta weights associated with the task block regressors, and contrast beta values were used for group analysis performed using 1000 permutations with threshold free clustering enhancement (FWE) ([@bib0091]) as implemented in FSL\'s PALM. Group results were thresholded at p\<0.05 FWE-corrected for the number of vertices in each hemisphere, and further corrected for separate runs of PALM for each hemisphere (i.e. the critical TFCE-corrected threshold was set to p\<0.025). Group analyses were run comparing activity in the ASD group to typically developing controls (CON - ASD), as well as separately for each group for visual comparison to facilitate interpretation of group differences. Age, Gender, and IQ were considered as potential covariates, but were not included in the group analysis as they were not found to relate to brain measures (Supplemental Tables 1-2).

2.7. Task-Based Connectivity Analysis - Psychophysical Interactions (PPI) {#sec0009}
-------------------------------------------------------------------------

To test the interaction between working memory load and task-based functional connectivity, the generalized form of psychophysiological interaction (gPPI) was run (<https://www.nitrc.org/projects/gppi>). gPPi measures change across task conditions in the connectivity of a 'seed' region of interest (ROI). Based on the central role of the DLPFC in the frontoparietal network and prior DLPFC alterations found in ASD versus control groups ([@bib0053]; [@bib0055]; [@bib0063]; [@bib0065]; [@bib0086]), ROIs were selected posteriori as the ROIs within the right and left DLPFC with the highest t-statistic from the task-activation GLM (above), considered across both groups. As PALM produces very large ROIs with homogeneous p-values at the cluster level, a more circumscribed DLPFC ROI included in the PALM cluster with highest t-statistic from the task-activation was selected from the Glasser human connectome project (HCP) parcellation ([@bib0030]), where cortical ROIs were determined based on task activation, resting state functional connectivity, structural connectivity, and topography. The ROIs defined by this parcellation are therefore regions found to be functionally relevant at the group level. Group analyses were run in PALM, as described above. The PPI analysis was constructed as the N-Back task-activation analysis above, including the task regressors and the same confound regressors, but with the addition of the seed time series and the PPI regressors to model the interaction between the seed time series and the task ([@bib0069]).

2.8. Individual Variability in N-Back Task Activity via Distance Metrics {#sec0010}
------------------------------------------------------------------------

We performed pairwise distance calculations between each pair of participants (including ASD and CON) to measure individual variability for task-evoked N-BACK activation (2-Back - 0-Back) for our sample, providing a metric of similarity or difference of the pattern of brain response between participants ([@bib0025]; [@bib0043], [@bib0044]). Squared Euclidean Distance and Correlational Distance (which is equal to one minus the absolute value of the correlation) were calculated for each participant pair. Euclidean and Correlational Distance are both affected by the spatial pattern of activity, however Euclidean distance is sensitive to magnitude effects (e.g. greater overall positivity or negativity) while correlational distance is invariant to magnitude. For each participant, contrast beta values (2-Back - 0-Back) for all cortical vertices were reshaped into a vector, creating a 'spatial series' for each participant ([@bib0043], [@bib0044]). Individual variability was quantified as the average distance from a given participant to all other participants. Participants with patterns of task-related activation more similar to the overall group ('typical' activators) feature lower distances, while those with more idiosyncratic patterns feature higher mean distance. Data was assessed for normality via a Shapiro-Wilk\'s test p \< 0.05, ([@bib0078]), and group differences were assessed via a nonparametric Mann-Whitney\'s U test for non-equal distributions.

Differences in variability of the activation patterns across each group were visualized by examining overlap in activity from the first-level (single subject) t-maps. First level t-maps for each participant for the 2-Back - 0-Back contrasts were calculated. The t-maps were binarized showing t-values with significance of p\<0.001 uncorrected at the single vertex level, separately for positive and negative t-values. Overlap was calculated as a sum of the binarized maps, within each group.

2.9. Exploratory Analysis of Frontoparietal Network Properties and Variability {#sec0011}
------------------------------------------------------------------------------

Mean distance was correlated with left or right DLPFC activity (beta weights for 2-Back - 0-Back for each participant) to examine whether individual variability in the pattern of brain activity was related to localized DLPFC activity. In accordance with the RDoC framework laid out by the NIMH ([@bib0049]), relationships were examined across participants with ASD and typically developing controls to determine whether relationships were present along a continuum, regardless of group membership. To address potential confounds related to differences between groups, relationships were also examined in the ASD group alone. All p-values were FDR corrected.

2.10. Code Sharing {#sec0012}
------------------

Code used in the analysis of this dataset has been made available (<https://github.com/colinhawco/ASDD>). Statistical maps of the results reported below are also available for download and viewing.

3. Results {#sec0013}
==========

3.1. Participant Inclusion and Characteristics {#sec0014}
----------------------------------------------

Of the 40 participants with ASD, one failed preprocessing QC due to poor data quality, and five ASD participants were excluded for excessive motion (mean framewise displacement \>0.5mm). No control participants met motion exclusion criteria. Motion was compared for each group. For mean framewise displacement (FD), there was a significantly higher mean FD in the ASD (mean FD = 0.130) versus typically developing control group (mean FD = 0.906) (U = 176.5, n~1~ = 29, n~2~ = 20, P = 0.021). Motion was also examined separately in the 0-Back or 2-Back blocks via a repeated measures ANOVA, with block (0-back and 2-Back) as a within-subject factor and group as between subjects. We found a main effect of block, F(1,47) = 8.1, p = 0.006 (motion was higher in the 0-Back, mean FD = 0.106, as opposed to 2-Back, mean 0.097), but no group by block interaction, F(1,47) = 0.44, p=0.835. Upon analyzing performance on the N-back task, it was found that some ASD participants performed very poorly on 2-Back trials. Five additional participants in the ASD group were excluded due to very poor (near chance) 2-Back performance, defined as less than 30 total correct trials out of 108 (chance accuracy=25%). Data from 29 participants with ASD were included in further analysis. Participants with ASD that were excluded for motion or poor 2-Back performance were generally more impaired on CANTAB SWM, had lower IQ, and greater clinical EF impairment on the BRIEF relative to the included ASD group (data not shown). Included participant demographics are shown in [Table 1](#tbl0001){ref-type="table"}.Table 1Baseline Demographics.Table 1GroupControlsASD(n=20)Included (n=24)Excluded (n=10)Age in years23.90 ± 4.322.50 ± 4.723.30 ± 5.1Gender14M (70%)18M (75%)6M (60%)Handedness17 Right21 Right9 RightYears of Education15.65 ± 2.314.38 ± 3.213.50 ± 2.0Inclusion IQ112.16 ± 9.9116.67 ± 16.995.90 ± 13.5WAIS FSIQ106.79 ± 15.286.60 ± 12.9Documented Comorbidity15 (62.5%)8 (80%)On Psychiatric Medications16 (66.7%)6 (60%)ADOS-2Communication + RSI6.00 ± 2.17.00 ± 1.1Stereotyped Behaviours & Restricted Interests1.58 ± 1.32.56 ± 1.3Adaptive Functioning77.63 ± 10.169.20 ± 6.9Social Responsiveness Scale71.83 ± 7.571.30 ± 11.7BRIEF Behaviour Regulation Index41.95 ± 5.961.96 ± 9.267.10 ± 10.8BRIEF Metacognition Index45.60 ± 6.672.88 ± 9.572.50 ± 7.4CANTABSST (reaction time)164.54 ± 44.5173.41 ± 44.7246.03 ± 125.7SWM (total errors)13.58 ± 13.015.63 ± 16.637.20 ± 17.4SWM (between errors)13.53 ± 13.015.33 ± 16.436.50 ± 17.3IED (stages completed)8.79 ± 0.68.92 ± 0.48.30 ± 0.9IED (total raw)13.42 ± 7.411.42 ± 7.523.20 ± 14.4[^1]

3.2. Behavioral Cognitive Performance {#sec0015}
-------------------------------------

Accuracy and misses across blocks for both 0-Back and 2-Back were visualized, confirming no drop off in task performance over time (Supplemental Figure 1). As the majority of behavioral variables were found to be non-normally distributed (Shapiro-Wilk\'s test p \< 0.05, ([@bib0078]), a nonparametric Mann-Whitney\'s U test for non-equal distributions was used, with two-tailed significance testing. A trending but non-significant between-group difference was found in 2-back accuracy (U = 383.5, n~1~ = 29, n~2~ = 20, P = 0.057). Incorrect and missed responses were also examined. We did not find differences in the distribution of incorrect responses between groups (U = 304, n~1~ = 29, n~2~ = 20, P = 0.77), but a significant difference in the number of misses was found (U = 191, n~1~ = 29, n~2~ = 20, P = 0.044), indicating that individuals with ASD and EF impairment had an increased number of missed responses (i.e., no response) during the 2-Back task compared to typically developing controls. No group differences were found in 2-Back correct reaction time (U = 225, n~1~ = 29, n~2~ = 20, P = 0.19), 0-Back accuracy (U = 360, n~1~ = 29, n~2~ = 20, P =0.16), or 0-Back correct reaction time (U = 227, n~1~ = 29, n~2~ = 20, P = 0.20), however variability in performance was consistently higher in ASD versus typically developing participants.

3.3. N-BACK fMRI Group-level Task-Activation {#sec0016}
--------------------------------------------

Group-level activity for the 2-Back - 0-Back contrast ([Figure 2](#fig0002){ref-type="fig"}) demonstrated the expected pattern of activity in fronto-parietal and dorsal attention networks, deactivation/suppression in regions of the default mode network (DMN), and deactivation in visual and sensory-motor networks across both groups. These results were driven by greater activity or suppression in the 2-Back versus 0-Back condition (i.e. the observed 'deactivations' were greater suppression during 2-Back as opposed to greater positive activity during 0-Back). No group differences in activation were observed between participants with ASD and EF impairment versus typically developing participants. Task activity results without GSR as a regressor are presented in Supplemental Figure 2.Figure 2Group GLM analysis of activity during the N-Back task for typically developing controls, CON, (top), ASD (bottom). 0-Back and 2-Back main effect contrasts are shown on the left to show the direction of effects in the 2-Back - 0-Back contrast (right). Both groups showed a similar pattern of activation during N-Back performance. A group contrast (CON vs. ASD) showed no significant group differences. Results showing in log-10(p), corrected at the cluster level for multiple comparisons via TFCE.Figure 2

3.4. N-Back Task-Based DLPFC Connectivity {#sec0017}
-----------------------------------------

For the PPI analysis of task-based connectivity to the left DLPFC ([Figure 3](#fig0003){ref-type="fig"}, left), the ASD group showed greater connectivity between the left DLPFC seed and the right DLPFC in 2-back than in 0-Back. The typically developing group did not show any significant differences between 2-back and 0-Back. For the PPI analysis of task-based connectivity to the right DLPFC ([Figure 3](#fig0003){ref-type="fig"}, right), both ASD and typically developing participants showed increased connectivity with left and right DLPFC during 2-Back over 0-Back. Ipsilateral connectivity (right) was related to increased connectivity in the 2-Back condition, while contralateral connectivity (left) was related to reduced/negative connectivity in the 0-Back. The typically developing control group also showed connectivity with inferior frontal regions in 2-Back \> 0-Back, related to reduced/negative connectivity in the 0-Back. Both groups showed 2-back \> 0-back differences in medial prefrontal cortex related to reduced/negative connectivity in the 0-Back condition. The ASD group showed some regions of increased connectivity in 0-Back in the left insula, while the typically developing control group showed some regions of greater negative connectivity in parietal areas, particularly in the right hemisphere. No between-group differences in PPI task-related DLPFC-connectivity analysis for 2-Back - 0-Back were observed (i.e., in either left or right DLPFC seed region). PPI results without including GSR as a regressor in the model are presented in Supplemental Figure 3.Figure 3Results of DLPFC PPI analysis (task-based connectivity changes, 2-Back - 0-Back). Results of PPI to left DLPFC seed (left), and right DLPFC seed (right) are shown. Seed regions are shown in green. Main effects of 0-Back and 2-Back PPI are shown for visualization only, to allow interpretation of the patterns in the 2-Back - 0-Back contrast. Results showing in log-10(p), corrected at the cluster level for multiple comparisons via TFCE.Figure 3

3.5.1. Distance Metrics of Individual Variability {#sec0018}
-------------------------------------------------

Mean squared Euclidean distance was significantly correlated with motion (mean framewise displacement), Rho = 0.44, p = 0.002, while there was no significant relationship between correlational distance and mean FD, Rho = 0.16, p = 0.27. There was also no significant association between correlational distance and temporal signal to noise ratio (tSNR) (rho p 0.054, p=0.71). Euclidean distance was therefore no longer considered. Correlational distances are plotted in [Figure 4](#fig0004){ref-type="fig"}A. Mean distance did not follow a normal distribution, so a Mann-Whitney U test was performed to assess differences between groups. The distribution of responses across ASD and typically developing control participants was significantly different (U = 191, n~1~ = 29, n~2~ = 20, P = 0.044), indicating greater overall individual variability among ASD versus control participants. A subgroup of ASD participants with higher variability seemed to be driving this group difference (see [Figure 4](#fig0004){ref-type="fig"}B). Variability in the spatial patterns of activity between groups are displayed using overlap maps of active vertices at the single-subject level ([Figure 5](#fig0005){ref-type="fig"}). ASD participants showed reduced overlap in activity. Overlap was also calculated for PPI activity for the RDLPFC seed region (supplemental Figure 4)Figure 4Correlational distances across participants. A: Pairwise correlational distance between participant pairs (each row/column represents a single participant, ASD top/Left, HC bottom/right). Participants in each group are ordered by mean distance, with ASD descending and typically developing controls (CON) in ascending order in order to position the participants with lowest mean distances (i.e. the most typical participants) in the center of the graph. B: Boxplots showing between-group differences in mean distance. C: Correlation between left DLPFC (LDLPFC) activity during N-Back (the beta weight for the 2-Back - 0-Back contrast) and mean correlational distance. Higher mean correlational distance was associated with lower LDLPFC activity during 2-Back - 0-Back performance across the sample.Figure 4Figure 5Overlap maps in activity at the single-subject level for the 2-Back - 0-Back contrast. Each single-subject t-map was binarized at a threshold of p\<0.001 uncorrected at the single vertex, and binarized masks were summed to show the number of participants with activity at each vertex. Maps were calculated separately for positive (red-yellow) and negative (blue-green) t-values, for ASD (n=29) and typically developing (CON) (n=20) groups. The right-most brain image shows a dorsal (top-down) view, to allow better visualization of overlap in regions such as the intraparietal sulcus. Color maps for each group were thresholded to ∼70% of the sample size for improved visualization.Figure 5

Demographic and clinical data of the highest variability ASD cases were explored. Nine ASD participants were identified as having high variability (i.e., variability in these individuals was outside the range of all controls except one). Demographic and clinical information for the "high" and "low" variability ASD cases is presented in Supplementary Table 4, which also includes comorbidities. Due to the small sample size of the high variability group (N=9), we did not perform statistical assessment; data is presented for descriptive purposes only. There were no clear trends indicating that high variability participants featured distinct patterns on clinical variables or cognitive measures.

3.5.2. Exploring Associations Between Frontoparietal Network Properties and Variability {#sec0019}
---------------------------------------------------------------------------------------

There was an FDR corrected significant negative correlation between mean distance and activity in the left DLPFC, Rho = -0.53, p = 0.0001 ([Figure 4](#fig0004){ref-type="fig"}C). The right DLPFC was not significant after FDR correction, Rho = -0.30, p = 0.039. The relationship between mean correlational distance and left DLPFC activity remained significant if we considered only ASD participants, Rho = -0.52, p=0.004, or only CON, Rho = -0.59, p=0.006. As such participants who show greater activity in the DLPFC during 2-Back vs 0-Back performance also feature less variable patterns of task-related brain activity.

4. Discussion {#sec0020}
=============

In the present study, we examined DLPFC activity and connectivity during SWM task performance in older youth and young adults with ASD with clinically significant EF impairment compared to a sample of typically developing controls. Participants with ASD exhibited poorer performance overall in N-Back performance metrics, including increased variability of performance compared to the control group and more missed responses. However, 2-Back accuracy and reaction time to correct responses did not differ significantly at the group level. Contrary to our hypotheses, neither task-related local brain activation nor DLPFC-connectivity differed at the group level during SWM performance in the current sample. Participants with ASD and clinical EF impairment did however feature more variable spatial patterns of task-related activity during N-Back performance (i.e., greater variability of task-evoked brain activation) on pairwise comparison. Increased variability of task-evoked brain activation was also associated with local DLPFC activation during N-Back performance across the entire sample, suggesting that highly variable participants may have been making use of altered or shifted neural networks for SWM performance. Increased variability in spatial patterns of task-related activity in participants with ASD and clinical EF impairment suggests that 'idiosyncratic' activation may be an important biological feature of EF performance in ASD, with implications for therapeutic (e.g. brain stimulation) studies and optimization of target engagement.

Our analysis suggested that activity and DLPFC-connectivity during the N-Back task was similar across our ASD and typically developing control groups. A number of prior task-fMRI studies have shown differences in activation or connectivity during SWM performance in participants with ASD compared to a control group, though there has been little consistency across studies in the presence, direction or location of between-group results ([@bib0055]; [@bib0063]; [@bib0065]; [@bib0085]). A recent resting-state study which applied a rigorous denoising procedure to remove motion artifacts did not find group differences in intrinsic network connectivity in a sample comparing children with primary clinical diagnoses of ASD, attention-deficit/hyperactivity disorder (ADHD) and typically developing children (n=43/group) ([@bib0014]). Of particular relevance to the current work, [@bib0014] also found no differences between groups when a data-driven subgroup classification was applied to their sample that grouped participants transdiagnostically based on high average, average and impaired performance on EF measures (where subgroup differentiation was largely based on the BRIEF). In contrast, another recent resting-state study found hyperconnectivity affecting the fronto-parietal network across four different ASD versus control datasets, with samples ranging in size from n∼50 to n∼700. Interestingly, effect sizes ranged from small to large across different datasets and significant overlap between controls and ASD participants was present ([@bib0046]). Inconsistent results between fMRI studies confirm that conventional pairwise comparisons applied to small samples is inherently problematic in complex disorders such as ASD. Inconsistencies in the current literature may therefore be attributable to false positives in small samples (that could be driven by motion artifacts), or heterogeneity between samples (i.e., based on age, co-occurring mental health conditions, medications), or other factors (methodological differences).

Greater variability in the pattern of brain activity during SWM task performance found in ASD participants with clinical EF impairment may be driven by several factors. Importantly, increased correlational distance found in ASD did not share a significant relationship with in-scanner motion, suggesting increased variability found in participants with ASD was not driven by motion/noise. A number imaging studies have now found greater variability of brain response in ASD samples compared to typically developing controls both at rest and during task performance ([@bib0010]; [@bib0022]; [@bib0023]; [@bib0038]; [@bib0039], [@bib0040]; [@bib0070]; [@bib0071]; [@bib0072]). Similar to the present study, the prior study by Gilbert and colleagues found no ASD versus control group differences in activation during mentalizing or attention task performance, but relationships between the spatial distribution of PFC activation and task condition differed across control participants versus participants with ASD ([@bib0027]). Less consistent patterns of activity have also been found in participants with schizophrenia compared to controls ([@bib0066]). Increased variability in neural network response and organization found in neuropsychiatric disorders may be driven by compensatory mechanisms ([@bib0060]), such that when a given neural system is dysfunctional, other systems/regions/networks may engage in an attempt to support task performance. It has been suggested that the PFC may have a specific role in influencing adaptation and compensation for suboptimal functioning in particular neural pathways during development ([@bib0051]). Specifically, it has been hypothesized that optimal PFC function (and strong EF skills) in early development may serve as a protective factor for later emergence of neurodevelopmental disorders like ASD and ADHD, potentially through adaptive/compensatory processes ([@bib0051]). Participants with greater individual variability in our sample tended to have reduced brain activation in the DLPFC during the N-BACK task, suggesting that the hub of the frontoparietal network may not be optimally functioning or engaged during SWM processing. Compensation for disrupted neural systems is frequently seen in healthy aging ([@bib0075]), such as a shift towards greater frontal activation and decreased posterior activity ([@bib0017]; [@bib0033]). While compensatory mechanisms in relation to aging tend to produce somewhat stereotypical changes which can be observed at the group level, such as generally increased activity ([@bib0075]) or specific patterns of group-level altered activity ([@bib0017]; [@bib0033]), in the current study atypical participants featured highly idiosyncratic variations in brain activity. If these idiosyncratic brain responses during SWM performance represent compensation for dysfunctional networks, this has important implications for efforts to develop biologically directed interventions using brain stimulation. For example, if idiosyncratic spatial patterns of activation represent compensation for dysfunctional networks, is it better to target the disrupted systems, or is it better to emphasize activity in compensatory networks? Prior studies evaluating interventions focused on improving EF domains have found greater effects/improvement in those with increased EF impairment on lab-based measures ([@bib0021]). It remains to be seen whether brain stimulation approaches for EF impairment may be more effective in those with more impairment but also more typical brain response which can be reinforced, or amongst those with more pronounced disruptions in both cognition and patterns of brain response.

Another complementary hypothesis for greater variability in ASD is that idiosyncratic patterns of brain activity relate to changes in cognitive strategy to facilitate task performance. Individuals with ASD have been proposed to use alternate cognitive strategies as a means to compensate for neural circuit deficits ([@bib0013]; [@bib0045]; [@bib0047]; [@bib0076]), or show a deficit in strategy use ([@bib0007]). In patients with schizophrenia, memory deficits can be reduced when effective cognitive strategies are provided via the structure of the task ([@bib0036]). The use of such cognitive strategies has also been related to activity in the DLPFC ([@bib0035]; [@bib0041], [@bib0042]). Given that participants with greater variability showed less DLPFC activity, it is possible they are failing to engage optimal neuro-cognitive strategies during the N-Back task. Improving DLPFC engagement in these individuals may lead to improved working memory performance, suggesting targeted brain stimulation may be more effective in individuals with more idiosyncratic spatial patterns of brain activation during SWM performance.

Several limitations of our study should be noted. Data was collected from 40 individuals with ASD with clinical EF impairment, therefore our results are specific to this subgroup rather than the broader ASD population. Further, 29/40 participants with ASD and EF impairment were retained in the final analysis following QC for fMRI and task performance data. While it is necessary to exclude such participants due to potential confounds related to motion or severely impaired performance, this smaller and more circumscribed sample limits the generalizability of our findings further. While our total sample of individuals with ASD and clinical EF impairment was impaired, on average, on N-Back SWM performance, following exclusion of participants that performed very poorly on the task, accuracy and reaction time during 2-Back performance did not differ between our ASD and typically developing control groups. This minimizes the impact of task performance on between-group differences in brain activation and connectivity. Other studies have likewise removed many cases in order to avoid such confounds ([@bib0086]). However, removal of these participants limits the ability to generalize findings in the current results to individuals with more significant EF impairment. It also may be important to consider that there was a higher percentage of individuals with co-occurring ADHD among participants with ASD and EF impairment that also featured high variability of brain response. Future research in this area should account for the common presence of co-occurring ADHD in ASD ([@bib0056]) and greater EF deficits in this subgroup ([@bib0015]) and the potential influence on variability metrics.

The main goal of the present study was to further elucidate network activation and connectivity differences during SWM performance to better evaluate the DLPFC as a potential target to improve EF in a subgroup of individuals with ASD with clinically significant EF impairment. While we did not find differences between our groups in local activation or connectivity, we did find greater variability in the spatial patterns of brain activity in participants with ASD and EF impairment during SWM performance. Although the issue of heterogeneity is well documented ([@bib0010]; [@bib0022]; [@bib0023]; [@bib0038]; [@bib0071]), the extant literature has yet to consider the potential relevance of variability of brain response for development of targeted biological interventions. While our findings require further exploration, the patterns of variability observed in the clinical sample examined here may have implications for group-based strategies for targeting the brain in therapeutic intervention studies. The upshot of these findings is that therapeutic response may be made more likely by evaluating individualized neural activation patterns at baseline to optimize targeting ([@bib0087]). The current study supports further examination of whether targeted brain stimulation to the DLPFC changes local activation or DLPFC-connectivity in individuals with ASD and clinically significant EF impairment and whether baseline variability in task-evoked brain response influences brain changes following targeted intervention. These results will help to set the foundation for developing more personalized approaches to brain stimulation across clinical samples with EF impairment.
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[^1]: Note. Where appropriate variables are presented as Mean ± SD.
